The question of whether respiratory sinus arrhythmia (RSA) originates mainly from a central coupling between respiration and heart rate, or from baroreflex mechanisms, is a subject of controversy. If there is a major contribution of baroreflexes to RSA, cardiocirculatory coupling during breathing and during cyclic baroreflex stimulation should show similarities. We applied a sinusoidal stimulus to the carotid baroreceptors and generated heart rate fluctuations of the same magnitude as RSA with a frequency similar to, but different from, the breathing frequency (0.2 Hz, compared with 0.25 Hz), and at 0.1 Hz, in 17 supine healthy subjects (age 28-39 years). The data were analysed using discrete Fourier-transform and transfer function analysis. Respiratory fluctuations in systolic blood pressure preceded RSA with a time lag equal to that between baroreceptor stimulation and oscillations in RR interval (0.62p0.18 s compared with 0.57p0.28 s at 0.2 Hz neck suction). The response of systolic blood pressure to neck suction at 0.2 Hz was 5 times less than the respiratory blood pressure fluctuations. Neck suction at 0.1 Hz largely increased fluctuations in blood pressure and RR interval, whereas the spontaneous phase relationship between blood pressure and RR interval remained unchanged. Our results are not consistent with the hypothesis that the origin of RSA is predominantly a central phenomenon which secondarily generates fluctuations in blood pressure, but suggest that, under the condition of fixed-frequency breathing at 0.25 Hz, baroreflex mechanisms contribute to respiratory fluctuations in RR interval.
INTRODUCTION
Because of increasing interest in autonomic cardiovascular regulation, the understanding of the origin of fluctuations in heart rate, such as respiratory sinus arrhythmia (RSA), has received much attention [1] [2] [3] [4] [5] . Several investigators have found indications for a central coupling between respiration and heart rate [6] [7] [8] [9] [10] [11] . Respiratory fluctuations in blood pressure were proposed to be, to a greater or lesser extent, an effect of RSA [8] [9] [10] . Other investigators hypothesized that respiration interacts independently with blood pressure and heart rate Key words : autonomic nervous system, baroreceptors, blood pressure, heart rate variability, respiration.
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Correspondence : Dr Cornelius Keyl (e-mail Keyl!rkananw1.ngate.uni-regensburg.de). [12, 13] . Beside these models of cardiovascular regulation, data have been presented which describe RSA as being mainly the expression of changing baroreceptor activity due to respiratory-dependent fluctuations in blood pressure [14] [15] [16] [17] [18] .
Most previous studies dealing with the phenomenon of RSA either used a pharmacological blockade of the autonomic nervous system or eliminated sinus arrhythmia by atrial pacing [8, 9, 12, 19] . We applied a sinusoidal stimulus to the carotid baroreceptors and generated heart rate fluctuations of the same magnitude as RSA with a frequency similar to, but different from, the breath-ing frequency (0.2 Hz, compared with 0.25 Hz). Such high-frequency oscillations in heart rate are known to be predominantly mediated by parasympathetic activity [8, 19, 20] , and a previous study found no evidence for a significant interaction between the generation of RR intervals by respiration or by neck suction [21] . Heart rate oscillations below 0.15 Hz are influenced by sympathetic and parasympathetic activity [8, 19, 20] .
Oscillations in systolic blood pressure (SBP) and diastolic blood pressure (DBP), which are mediated by the sympathetic nervous system, can be produced by stimulating the autonomic nervous system via neck suction with frequencies of 0.1 Hz or less, but frequencies greater than 0.15 Hz have little effect [22] . This phenomenon is caused by the low-pass characteristic of the peripheral baroreflex arc due to the time delay of sympathetically mediated peripheral mechanical responses, such as the vasomotor response [12, [23] [24] [25] [26] . Blood pressure fluctuations in the high-frequency range may be generated by changes in heart rate and stroke volume [27] .
With these considerations in mind, we reasoned that, if RSA originates centrally and has an important influence on the generation of respiratory blood pressure oscillations, the following would hold true : (1) blood pressure oscillations would have the same magnitude regardless of whether RR interval oscillations are due to spontaneous RSA or to neck suction stimulation, as blood pressure oscillations would be generated by changes in RR interval ; (2) fluctuations in RR interval would precede fluctuations in blood pressure ; and (3) the phase shift between blood pressure and RR interval due to spontaneous RSA would differ markedly from the phase shift between neck suction and RR interval during direct stimulation of baroreceptors by neck suction. In contrast, the following findings would be expected if baroreflexes have a major influence on the generation of RSA : (1) blood pressure oscillations induced by neck suction would be of lower magnitude than blood pressure oscillations in the respiratory frequency, as RR interval changes would have minor effects on the generation of blood pressure fluctuations ; (2) fluctuations in RR interval would follow fluctuations in blood pressure, as RSA would be caused by changes in blood pressure ; and (3) the phase shift between blood pressure and RR interval during spontaneous breathing would be similar to the phase shift between neck suction and RR interval during direct stimulation of baroreceptors by neck suction.
METHODS
We investigated 17 healthy volunteers aged 28-39 years. The study protocol was approved by the institutional ethical board and all subjects gave their written informed consent.
The subjects were investigated in the afternoon, at least 2 h after their last meal, using continuous monitoring of ECG (Sirecust 302D ; Siemens, Erlangen, Germany), non-invasive blood pressure (Finapres ; Ohmeda, Louisville, CO, U.S.A.) and respiration (inductance plethysmograph ; Respitrace system).
Neck suction was performed by means of a lead collar which was connected to a vacuum cleaner. Sinusoidal pressure fluctuations were created by a computercontrolled mechanical pressure release mechanism. The pressure was monitored continuously (Sto$ ckert, Munich, Germany) and kept in the range 0 to k30 mmHg, creating fluctuations in heart rate similar to respiratory heart rate fluctuations.
Subjects breathed with a fixed frequency of 0.25 Hz. Measurements were performed after an adequate period of training of the breathing pattern, in order to guarantee a stable breathing frequency and to avoid unintentional hyperventilation.
A baseline recording of 5 min without neck suction and then two 3 min recordings during neck suction, with a frequency of 0.1 Hz or 0.2 Hz, were carried out.
All signals were relayed to a 12-bit analogue-to-digital converter and sampled at 1000 Hz on a personal computer, using a program designed by our group based on commercially available software (Lab-VIEW ; National Instruments, Austin, TX, U.S.A.). R waves, SBP and DBP were detected automatically, and RR intervals calculated. Additionally, the signals were inspected visually and checked for artefacts and heterotopic beats. No correction of data was necessary for our subjects.
Frequently, time series are computed based on the assumption that SBP and DBP occur simultaneously with the RR interval. However, the actual temporal relationship between fluctuations in blood pressure and RR interval can be expressed only in a limited way using this method. The SBP precedes the R wave that actually determines the length of the RR interval, and may influence even the present RR interval via baroreflex mechanisms [28] . In view of this interaction, we took the actual time lag between the pressure wave and the subsequent R wave into account when calculating the phase shift between RR intervals and blood pressure. Therefore we averaged the latency between SBP and the subsequent R wave in 20 subsequent cardiac cycles in each registration, and corrected the calculated phases for these values. Since, on the other hand, the length of the RR interval has a direct influence on the subsequent DBP by shortening or prolonging the diastolic run-off [14] , we took the latency between the R wave and subsequent DBP into account when calculating phase shifts between these parameters. The pressure of neck suction and the respiratory signal were both registered at the start of the RR interval. Despite the fact that fluctuations in the RR interval were similar at 0.25 Hz and at 0.2 Hz, fluctuations in SBP were markedly reduced at 0.2 Hz compared with those at 0.25 Hz. DBP fluctuates less than SBP at the respiratory frequency due to the dampening effect of the baroreflex. The results of spectral power analysis are given as exponentials (e.g. 5.0E-1 l 5i10 − 1 ; 1.0Ej4 l 1i10 4 etc.). AU, arbitrary units.
The stationarity of each period was checked by the reverse arrangement test, as described by Bendat and Piersol [29] . The signals were resampled at 4 Hz using a moving 500 ms wide rectangular window [30] . After direct current offset subtraction, removal of residual linear trends and application of a Hanning window, for five (5 min recordings) respectively three (3 min recordings) 50 % overlapping segments. Discrete Fourier analysis was computed for each segment and the results were subsequently averaged [29] . The area under the curve was calculated for the low-frequency band (0.04 to 0.15 Hz) and for the components corresponding to the frequencies of neck suction (0.175 to 0.225 Hz) and respiration (0.225 to 0.275 Hz), provided that the squared coherence between signals was significant.
The coherence function was calculated as a measure of the linear relationship between input and output using six (3 min registrations) or 10 (5 min registrations) 50 % overlapping windows. A squared coherence of 0.5 (in case of the 3 min registrations a squared coherence of 0.53) [31] was interpreted as a sign of stable phase shift, indicating a significant relationship between input and output. The relationship between the parameters of interest was evaluated by calculation of gain and phase shift using frequency-response function analysis [29] . Statistical analysis was performed using commercially available software (SPSS for Windows 6.0 ; SPSS Inc., Chicago, IL, U.S.A.). The data were checked for normal distribution using the Lilliefors modification of the Kolmogorov-Smirnov test. The results of spectral power analysis were normally distributed after logarithmic transformation. Data are presented as meanspS.D., and were compared using repeated-measures ANOVA or Student's t-test for paired data, as appropriate. A P value of 0.05 was considered significant.
RESULTS
RR intervals increased significantly during neck suction compared with the control registration (control, 886p122 ms ; 0.2 Hz neck suction, 961p157 ms ; 0.1 Hz The results are for the same subject as in Figure 1 . Neck suction is related to a marked increase in fluctuations of the RR interval, as well as of blood pressure, at 0.1 Hz (note the different scalings of RR interval power spectra in Figures 1 and 2 ). The results of spectral power analysis are given as exponentials (e.g. 5.0E-1 l 5i10 − 1 ; 1.0Ej4 l 1i10 4 etc.). AU, arbitrary units.
neck suction, 947p132 ms). SBP and DBP were not significantly different from baseline conditions during neck suction (SBP : control, 110p15 mmHg ; 0.2 Hz neck suction, 104p16 mmHg ; 0.1 Hz neck suction, 104p 17 mmHg ; DBP : control, 63p11 mmHg ; 0.2 Hz neck suction, 58p11 mmHg ; 0.1 Hz neck suction, 58p 12 mmHg). SBP preceded the following R wave at the baseline registration by 598p121 ms, during 0.2 Hz neck suction by 660p129 ms and during 0.1 Hz neck suction by 674p156 ms. DBP followed the preceding R wave by an average of 165p26 ms at the baseline registration, with no differences caused by neck suction (166p22 ms and 167p22 ms at 0.2 and 0.1 Hz respectively). Exemplary recordings and their power spectra are demonstrated in Figure 1 (neck suction at 0.2 Hz) and Figure 2 (neck suction at 0.1 Hz). Figures 3 and 4 show coherence and phase analyses of these data. Coherence between respiration and cardiovascular signals was significant in all subjects at 0.25 Hz. Coherence between neck suction and blood pressure was statistically significant in 14 subjects during neck suction at 0.2 Hz, and in 16 subjects during neck suction at 0.1 Hz.
Complete spectral analysis data are shown in Table 1 , and results of phase analysis are shown in Table 2 .
With regard to the expected findings listed in the Introduction, the following results were obtained. Table 2 ). Similarly, the time lag between DBP and RR interval at 0.25 Hz did not differ between the conditions with and without neck suction. Baroreflex and respiratory sinus arrhythmia A squared coherence of 0.53 indicates a significant linear relationship between signals at that frequency. A negative phase shift indicates that the input signal precedes the output signal. For example, there is a significant relationship between the spectra of neck suction and RR interval at 0.2 Hz, with a phase shift between fluctuations in neck suction and RR interval of 2.2 rad. As a decrease in neck suction pressure creates an increase in carotid transmural pressure, the actual phase between fluctuations in carotid transmural pressure and RR intervals is obtained after subtraction of π (or half a period), which is k0.94 rad. Thus fluctuations in RR interval follow stimulation of carotid baroreceptors after a lag of 0.75 s.
(3) The time lag between respiratory fluctuations in blood pressure and in RR interval did not differ from the time lag between direct stimulation of the baroreceptors by neck suction and oscillation of the RR interval. The time lag between blood pressure and RR interval in the respiratory frequency band (expressed in s) was identical with the time lag between neck suction and RR interval, calculated after subtraction of half a period ( Figure 6 ). (A decrease in neck suction pressure creates an increase in transmural carotid pressure. Therefore the subtraction of half a period is necessary to describe adequately the physiological situation of an increase in transmural carotid pressure which is related to an increase in RR interval.) During the control registration without neck suction, SBP and DBP preceded heart rate fluctuations at 0.1 Hz by π\2, corresponding to 2.7p0.67 s and 3.0p0.51 s respectively. During neck suction at 0.1 Hz the stimulation of carotid baroreceptors was followed by a decrease in SBP with a time lag of 3.0p0.74 s, and the phase relationships between blood pressure and RR interval were similar to those for the spontaneous 0.1 Hz fluctuations (Figures 7 and 8 ).
DISCUSSION
Our results add several new aspects to the debate about the contribution of baroreflex mechanisms to RSA. RR interval fluctuations during neck suction at 0.2 Hz were followed by an SBP response which was significantly reduced compared with the respiratory blood pressure fluctuations at 0.25 Hz, despite similar power of RR interval fluctuations at each frequency component. As a neurally transmitted effect on the vasculature during stimulation of the autonomic nervous system at frequencies above 0.15 Hz could not be demonstrated in a previous study [22] and was markedly diminished under experimental conditions [26] , it seems likely that the fluctuations in blood pressure at 0.2 Hz were generated by fluctuations in the RR interval. Thus the The time lag (expressed in s) between respiration at 0.25 Hz and haemodynamic signals is not different from that presented in Figure 3 . Likewise, the latency between neck suction at 0.1 Hz and fluctuation in RR interval is comparable with the latency observed during neck suction at 0.2 Hz. The relationship between neck suction and SBP, however, is different from that observed during neck suction at 0.2 Hz. present study demonstrates that pure changes in heart rate make only a minor contribution to the generation of blood pressure fluctuations at 0.2 Hz, compared with the effects of breathing. Fluctuations in neck chamber pressure (creating opposite fluctuations in carotid transmural pressure) were followed by fluctuations in the RR interval, with a latency of approx. 0.6 s (Figures 6 and 8) . Previous studies reported reflex latencies for the baroreflex arch of 0.24-0.3 s (by means of neck suction impulses) [32, 33] , 0.5 s (by means of the phenylephrine bolus method) [28] and 0.5-0.6 s (via electrical carotid sinus node stimulation) [25] , which is equivalent to a reflex latency of 0.4 s according to the definition of Eckberg [32, 34] . Considering the fact that we measured the R wave response and not the P wave response, our results are comparable with the findings of Pickering and Davies [28] and Borst and Karemaker [25] . We observed a latency between respiratory fluctuations in SBP and RR interval which was identical with that between neck suction and RR interval (Figure 6 ), regardless of whether the registration was performed with or without simultaneous neck The breathing rate was controlled at 0.25 Hz. RR intervals are computed at zero radians, and a counter-clockwise phase shift indicates that the parameter precedes the RR interval.
suction. This result supports the hypothesis that the baroreflex contributes to RSA under the condition of fixed-frequency breathing at 0.25 Hz. Akselrod et al. [8] examined blood pressure variability during atrial pacing in dogs, and found that respiratory fluctuations in blood pressure were generated almost entirely by RSA. However, Saul and co-workers, in a critical statement [19] , considered that the magnitude of RSA may be very large in dogs and, therefore, not directly comparable with the physiological conditions in humans. Taylor and Eckberg [9] used a study design comparable with that of Akselrod et al. [8] and noticed a decrease in arterial pressure fluctuations during transoesophageal atrial pacing in humans. However, besides the unknown effects of the transoesophageal pacing technique on sympathovagal balance, left atrial stimulation increased the heart rate, and this might have flattened the beat-to-beat changes in stroke volume. Taylor and Eckberg [9] and Cooke et al. [11] found a positive phase shift between fluctuations in blood pressure and heart rate at the respiratory frequency in the supine position, and concluded that their results were indicative of a mainly central origin of RSA. As Karemaker recently emphasized [35] , the computation and interpretation of the analysis of phases of discontinuous signals is associated with methodological problems. The temporal relationship between fluctuations in RR interval and blood pressure is frequently expressed under the hypothetical condition that these parameters occur simultaneously. This assumption has The relationships shown are based on the data reported in Table 2 and Figure 5 . The relationship between breathing and blood pressure oscillations may be interpreted according to the hypothesis that changes in left ventricular stroke volume, due to respiratory movements, cause fluctuations in blood pressure. During breathing at 0.25 Hz, SBP fluctuations precede the oscillations in RR interval by a time lag, which is similar to that between changes in carotid distending pressure and oscillations in RR interval during neck suction. The increase in RR interval during neck suction is accompanied by a simultaneous decrease in DBP, and is followed by a decrease in SBP. been developed because of the necessity of defining a ' temporal reference point ' to calculate phase shifts. Under this hypothetical condition we calculated a phase shift between SBP and RR interval of about zero, which is in accordance with previous findings [19, 36] . However, taking the actual latency between SBP and the following R wave into account (this R wave actually determines the length of the RR interval), as described above, we found that blood pressure fluctuations preceded heart rate fluctuations at the respiratory frequency by 55p16 m and 51p15 m (control registration and during 0.2 Hz neck suction respectively).
Cardiocirculatory oscillations in the highfrequency range
The interpretation of cardiocirculatory coupling during respiration is frequently based on the observation that fluctuations in SBP are generated mainly due to the mechanical effect of breathing on left ventricular stroke volume [13, 14, [37] [38] [39] [40] . Several studies have indicated that respiratory fluctuations in heart rate in the high-frequency range dampen respiratory blood pressure oscillations in humans [38, 40, 41] . Respiratory DBP fluctuations are of lower magnitude than fluctuations in SBP (Figures 1 and 2) , due to different effects of intrathoracic The relationships shown are based on the data reported in Table 2 and Figure 7 . The time lag between fluctuations in carotid distending pressure and RR interval is similar to that registered during 0.2 Hz neck suction (see Figure 6) . Stimulation of the carotid baroreceptors is followed by decreases in DBP and SBP. Obviously, baroreceptor stimulation at 0.1 Hz reinforces the spontaneous oscillations of blood pressure and RR interval at 0.1 Hz.
pressure on SBP and DBP [19] , as well as to the dampening effect of the baroreflex on DBP : prolongation of the RR interval may lower DBP of the same cardiac cycle by prolonging the diastolic run-off [40, 42] . Consequently, DBP fluctuates in the opposite phase with RR intervals during 0.2 Hz neck suction (Figures 5 and 6 ). In contrast with the effects of respiration, the fluctuations in SBP during 0.2 Hz neck suction may present a frequency-dependent variation in cardiac output, leading to a decrease in blood pressure with a time lag of approx. 1.5 s.
Baroreflex is not the only factor generating heart rate variability
A study imitating RSA by baroreceptor stimulation was performed by Piepoli and co-workers [17] . Neck suction at the respiratory frequency was able to decrease or increase sinus arrhythmia, depending on the phase relationship between baroreflex stimulation and breathing. Nevertheless, Piepoli et al. [17] , as well as Passino et al. [43] , observed persistent high-frequency oscillations during apnoea, which can be interpreted as the expression of a central oscillating mechanism. The contribution of a central oscillator to RSA, which has been demonstrated previously in animals as well as in humans, and which may be realized by an interaction of medullary respiratory neurons and cardiac motor neurons [7, 17, 43, 44] , is not excluded by our study, and nor is a contribution of vagal reflexes, which may be mediated by thoracic stretch receptors [45] [46] [47] . Several authors favour a central oscillator as the main source of RSA [9, 11, 35] , but our data indicate that the contribution of baroreflex mechanisms to RSA cannot be ruled out under the condition of fixedfrequency breathing at 0.25 Hz.
Cardiocirculatory oscillations at 0.1 Hz
Neck suction at 0.1 Hz was followed by fluctuations in the RR interval with a time lag typical of a vagally transmitted baroreflex response. However, we consistently observed that neck suction at 0.1 Hz did not alter the spontaneous relationship between blood pressure and RR interval, but markedly reinforced all fluctuations at 0.1 Hz (Figures 7 and 8 ). This finding supports the concept that the cardiovascular system has a particular tendency to respond at 0.1 Hz [14] , regardless of the origin of these fluctuations. In contrast with the highfrequency band, it is not possible to maintain two distinct oscillations in the low-frequency band by performing neck suction at a frequency different from 0.1 Hz, as the frequencies of the oscillations move together. This entrainment has already been described in previous studies [12, 22] .
We observed a time lag between fluctuations in SBP and RR interval at 0.1 Hz which was similar to or slightly greater than the time lag reported in other studies [11, 14, 19, 22] . The coupling between spontaneous fluctuations in blood pressure and RR interval at 0.1 Hz is supposedly mediated by baroreflex mechanisms [2, 11, 14] . In contrast with the short latency time of vagally mediated baroreflex activity, a combined effect of vagal and sympathetic baroreflex control is thought to contribute to the 0.1 Hz RR interval fluctuations [14] .
Neck suction at frequencies of less than 0.15 Hz causes major oscillations in SBP and DBP [22, 48] . These oscillations in blood pressure are presumably an expression of the modulation of peripheral sympathetic activity on the vessels [22, 24] , as well as of the spontaneous fluctuations in blood pressure at 0.1 Hz [20, [49] [50] [51] , which have been interpreted by several authors as the expression of an underdampened baroreflex control mechanism [12, 52] . We observed a time delay between neck suction and the arterial pressure response of 3.0 s (Figure 8 ), which is in agreement with previous published models of blood pressure regulation at 0.1 Hz [12, 52] . These results differ from previous studies, which demonstrated that baroreceptor stimulation by brief neck suction generated a reduction in efferent sympathetic nervous activity and a decrease in arterial pressure within 2 s [53, 54] . As the technique of baroreceptor stimulation may have a major influence on the experimental results [34] , it may be speculated that, in addition to the effects of spontaneous versus externally induced fluctuations, the difference between a sinusoidal and an abrupt stimulation of the baroreceptors may be responsible for the different findings.
Limitations of the study
Our study design implies several limitations. The haemodynamic effects of respiration are frequency-dependent phenomena which are influenced by various physiological interrelations : the heart rate response to respiration decreases above a threshold frequency [7, 19, 39, 55] . At lower breathing frequencies and increased tidal volumes, feedback from pulmonary stretch afferents may become more important than at higher frequencies [39, [45] [46] [47] . Additionally, RSA is modulated by sympathetic activity at frequencies below 0.15 Hz [19] . The mechanical effects of respiration on blood pressure, as well as the baroreflex-mediated effects of blood pressure on heart rate, show frequency-dependent behaviour [19] . In view of these multiple interactions, it is obvious that the results obtained at a certain breathing frequency cannot simply be extrapolated to other breathing frequencies. Similarly, it was necessary that we compared breathing-related haemodynamic fluctuations with baroreflex-mediated effects in a narrow frequency range. We therefore fixed baroreflex stimulation and breathing at two distinct frequencies in the high-frequency range, but as close together as possible. To meet this requirement, our subjects had to perform frequency-controlled breathing. This study design facilitates comparisons with studies using similar breathing frequencies [9, 11, 21, 22] . On the other hand, however, the possibility cannot be excluded that, under conditions of spontaneous breathing, other factors that contribute to RSA may become more important.
Differences in autonomic tone may have been present in our patients during control registration compared with during neck suction. During neck suction at 0.2 Hz, RR intervals were prolonged and the respiratory component of RR interval variability increased. It is unlikely that these differences were caused by changes in breathing depth, as the breathing signal did not change. Increased vagal activity due to baroreceptor stimulation may be responsible for this phenomenon. Nevertheless, during neck suction at 0.2 Hz, RR interval variability at 0.2 Hz was comparable with the 0.25 Hz component, and there were no differences in the temporal relationships of the cardiocirculatory parameter between the control period and the neck suction period.
Conclusions
In the present study we found that fluctuations in blood pressure during neck suction at 0.2 Hz were markedly less than those related to respiration at 0.25 Hz, despite the fact that fluctuations in RR interval at the two frequencies were similar. SBP preceded RSA with a time lag which was identical with that between stimulation of baroreceptors by neck suction and oscillations in RR interval. These results are not consistent with the hypothesis that the origin of RSA is predominantly a central phenomenon that secondarily generates fluctuations in blood pressure. Our findings do not exclude a contribution of a central oscillator to RSA, but suggest a contribution of the baroreflex to RSA in healthy subjects under the condition of fixed-frequency breathing at 0.25 Hz.
